Unlike the relatively limited clinical data on CVC, a large body of clinical evidence has been documented for coronary artery calcification. Extensive histological evidence has Background and Purpose-Cervicocerebral vascular calcification on computed tomography angiography is a known sign of advanced atherosclerosis. However, the clinical significance of calcification pattern remains unclear. In this study, we aimed to investigate the potential association between spotty calcium and acute ischemic stroke. Methods-This study included patients with first-time nonlacunar ischemic stroke (N=50) confirmed by brain magnetic resonance imaging or nonenhanced head computed tomography, as well as control subjects with asymptomatic carotid atherosclerosis (N=50) confirmed by carotid ultrasonography. Subjects in both groups underwent contrast-enhanced cervicocerebral computed tomography angiography within a week after the initial imaging examination. Spotty calcification was evaluated at 11 arterial segments commonly affected by atherosclerosis along the carotid and vertebrobasilar circulation. Statistical analysis was performed comparing the frequency and spatial pattern of spotty calcification between the 2 groups. Results-Spotty calcification in the Stroke group was markedly more prevalent than that in the Control group (total SC count:
V ascular calcification is an important component of advanced atherosclerosis and a known risk factor for stroke in the general population. [1] [2] [3] Cervical carotid artery calcification, along with calcifications in several specific segments of intracranial arteries such as carotid siphon and vertebral arteries, is frequently observed on craniocervical computed tomography angiography (CTA). Noninvasive quantification of vascular calcification is also feasible with CTA, typically performed by visual scoring 4, 5 or semiautomatic computational image analysis. 6 Although the pathophysiological mechanism underlying vascular calcification is not well understood, more evidence is emerging supporting the association between cervicocerebral vascular calcification (CVC) and neurovascular events including ischemic stroke 7 and lacunar infarct. 8 However, the clinical significance of CVC remains controversial. For example, no difference was observed in the amount of cavernous calcifications between acute stroke and agematched controls. 5 On the contrary, a lower degree of calcification is found in symptomatic carotid artery plaques than in asymptomatic ones, suggesting a possible indication by CVC for stable, low-risk lesions.
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established the universal existence of calcification in culprit coronary lesions, albeit its amount is substantially variable. 10 Some recent studies focused particularly on the pattern of calcification and found that small, scattered calcium deposits, known as spotty calcifications, have unique association with high-risk lesions. Ehara et al 11 reported that patients with acute myocardial infarction tend to have spotty calcifications, whereas patients with stable angina typically have much longer calcium depositions. Tamaru et al 12 suggested using spotty calcification as a surrogate marker for predicting the need for future revascularization as they observed 3× higher frequency of spotty calcifications in lesions that required revascularization compared with the ones that did not.
To the best of our knowledge, no authors have yet investigated the potential association between spotty calcification and acute ischemic stroke. The purpose of our study, therefore, is to address this open question.
Methods
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Study Population
The study protocol was approved by the Medical Ethics Committee of the Chinese People's Liberation Army General Hospital (Beijing, China). Written informed consent was obtained from all patients or the appropriate family members.
Sample Size Calculation
The sample size was determined by a power analysis based on the pilot data for this study which included 12 subjects (6 per group). In the pilot data, we observed 6.5±5.4 and 2.7±1.5 of total spotty calcium (SC) count (the main statistical comparison in this study) for the Stroke group and Control group, respectively. The effect size was determined as 0.95 for such group means and SDs. Assuming type I error probability of 0.01 (α) and type II error probability of 0.05 (1-β), the minimal sample size is 42 per group to reach statistical significance. A total of 75 consecutive patients with stroke were recruited for the Stroke group which yielded 50 subjects after exclusion. The same number of subjects was recruited in the Control group.
Stroke Group
In the Stroke group, 75 consecutive patients presenting with first-time acute ischemic stroke were recruited. The patients underwent brain magnetic resonance imaging (MRI) or nonenhanced head computed tomography (CT) as part of their initial clinical workup followed by contrast-enhanced cervicocerebral CTA in the week afterwards. The definite diagnosis of acute ischemic stroke was confirmed by the associated symptoms and imaging results from MRI or nonenhanced CT, according to American Heart Association or American College of Cardiology guidelines. 13 Nonlacunar ischemic stroke in the anterior or posterior circulations was included in the Stroke group. Transient ischemic attack and lacunar ischemic strokes were not included. Patients with previous history of stroke, cardioembolic stroke, rare causes of stroke, amaurosis fugax, carotid artery dissection, or vasculitis were also excluded. A total of 50 patients were included in the final analysis.
Control Group
In the Control group, 50 patients with subclinical carotid artery arteriosclerosis disease were recruited from the annual physical examination and health screening workflow at our hospital. As a part of the whole-body examination, carotid ultrasonography was performed to evaluate the risk of stroke. Patients with ultrasound-confirmed carotid artery atherosclerosis were referred for elective CTA for more detailed evaluation of the entire cervicocerebral vasculature. All patients recruited in the Control group underwent cervicocerebral CTA within a week after the initial ultrasound examination.
Imaging Protocols

Head MRI
Head MRI was performed on a 3.0-T system (Signa Excite HDx; General Electric Healthcare, Milwaukee) equipped with an 8-channel phased array head coil. Foam pads were inserted into the space between the subject's head and the MRI head coil to minimize head motion. The MRI protocol included routine T1-weighted, T2-weighted, T2-flair, and diffusion-weighted imaging. Diffusion-weighted imaging was performed with a spin echo-planar sequence (field of view=240 mm, slice thickness=1 mm, number of slices=18, slice gap=1 mm, acquisition matrix=160×160, b value = 1000 s/mm 2 ). The ADC maps were calculated using magnetic resonance host image tool.
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Nonenhanced Head CT
Nonenhanced CT head scan was performed on a dual-source 64-slice CT scanner (SOMATOM Definition; Siemens Medical Solutions, Erlangen, Germany) using the routine scan protocol (120 kV, 320 mA, contiguous 5 mm axial slices).
Cervicocerebral CTA
All cervicocerebral CTA examinations were performed on a 256-slice CT scanner (Brilliance iCT; Philips Healthcare, the Netherlands). The patients were scanned in the caudocranial direction from the aortic arch up to the skull vertex. The following acquisition parameters were used: detector collimation, 128×0.625 mm; slice acquisition, 128×0.625 mm by means of a z-flying focal spot; and gantry rotation time, 0.27 s, helical scan mode. Tube voltage and tube current were set as follows: pitch 0.9 mm, tube current 125 to 150 mA per rotation, and tube voltage 100 to 120 kVp according to the patients' body mass index (BMI ≤20/80 kVp, 20<BMI<25/100 kVp, BMI ≥25/120 kVp). 15 Contrast media (Ultravist Solution 370 mg I/mL; Bayer Healthcare, Berlin, Germany) was intravenously injected through an antecubital vein via a 20-gauge needle by a power injector (SCT-211; Medrad Inc, Indianola, PA). Contrast injection timing was controlled by the bolus-tracking technique in the ascending aorta (signal attenuation threshold 100-120 Hounsfield units). Data acquisition was initiated with a mean delay of 6 s after the threshold in the ascending aorta was reached. A total amount of 60 to 80 mL of contrast material was injected at a flow rate of 4.5 to 5 mL/s followed by 60 mL of saline solution.
The cervicocerebral CTA radiation dose, exclusive of the dose from the scout image and trigger radiation, was generated from the volume CT dose index and dose-length product, which were recorded automatically. 16 The effective radiation dose (in mSv) was estimated by multiplying the dose-length product by a conversion factor (k value) according to published guidelines. The values of k are dependent only on the region of the body being scanned (k=0.0031 mSv mGy −1 cm −1
for head and neck imaging).
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Image Analysis
The CTA data from the Stroke group and Control group were pooled together, anonymized, and randomized to avoid any bias in reading. The reviewing radiologist was blinded to the group information when analyzing the imaging data. All images were transferred to a clinical workstation (Brilliance; Philips Healthcare) for image analysis. Images were reconstructed using a section thickness of 0.8 to 1.0 mm with a hybrid iterative reconstruction algorithm (iDose) 4 with interval of 0.45 mm. Volume-rendered, maximum intensity projection (MIP), multiplanar reformatted (MPR), and curved planar reformatted images were generated to evaluate the cervicocerebral arteries.
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Arterial Segment Selection
Previous pathological studies showed that atherosclerotic lesions are not randomly distributed along the cervicocerebral arterial tree but mostly focused only at certain segments. 19 We selected 11 segments commonly affected by atherosclerosis including both the carotid arterial system and the vertebrobasilar circulation. In the carotid arterial system, the left and right common carotid artery bifurcation (Lbi and Rbi), left and right siphon (Lsi and Rsi), and the first segment of left and right middle cerebral artery (LMCA1 and RMCA1) were selected. In the vertebrobasilar circulation, the first and fourth segments of left and right vertebral arteries (LV1, RV1, LV4, and RV4), as well as the basilar artery, were included in the analysis ( Figure I in the online-only Data Supplement).
CTA Analysis Process
The CTA images were analyzed to measure the extent of SC in the entire cervicocerebral arterial tree using a custom semi-automated software package (AutoPlaque; Cedars-Sinai Medical Center, CA), which showed excellent reproducibility in previous coronary studies. 20, 21 An expert reader (10-year experience in radiology) identified and marked all lesions, their locations, and measured longitudinal diameter of each lesion. MIP or MPR images were obtained at the level of the circle of Willis, the carotid bifurcations and vertebral arteries in axial, coronal, and sagittal planes, respectively. Analysis of the degree of carotid artery stenosis was based on the North American Symptomatic Carotid Endarterectomy Trial criteria. 22 
Definition of Spotty Calcification
In this study, calcium was defined as a region with ≥1 contiguous pixels with CT attenuation ≥130 Hounsfield units in each image slice. 23 SC was defined based on the length of calcium (extent of the calcification parallel to the longitudinal direction of the vessel on curved MPR image) below 3 mm and the maximum arc below 90°. A superficial spotty calcification was defined if it is in the area adjacent to the vessel lumen with no visible gap to the lumen on any cross-sectional images. A nonsuperficial SC was defined if it is laying inside of the plaque with a clear gap away from vessel lumen ( Figure II in the online-only Data Supplement).
Statistical Analysis
All statistical analysis was performed, using commercially available software (SPSS20.0; SPSS, Chicago, IL). Continuous variables were expressed as means±SDs, and categorical variables were expressed as a frequency or percentage. Comparisons between groups were performed using the 1-way ANOVA for continuous variables with normal distributions, and the Kruskal-Wallis test was used for continuous variables with non-normal distributions. The χ
2 test was used to analyze categorical variables. Univariable logistic regression was performed to determine the respective odds ratio of the SC counts at various vascular locations, total count of SC, and total calcium volume. The presence of first-time nonlacunar stroke was set as the dependent variable.
Results
Patient Characteristics
Clinical characteristics of the patient population enrolled in this study are included in Table I in the online-only Data Supplement. hs-CRP (high-sensitivity C-reactive protein) was significantly higher in the Stroke group than in the Control group. Otherwise, there was no statistically significant difference between the 2 groups in age, BMI, statin use, or other cardiovascular risk factors such as the presence of hypercholesterolemia, hypertension, diabetes mellitus, or smoking status.
SC Frequency and Spatial Pattern
SC was observed on cervicocerebral CTA images in both Stroke group and Control group at various vascular segments, as shown in representative examples in Figure 1A through 1C. The co-registered pre-and postcontrast images greatly facilitated the identification of SC and its spatial localizations, as demonstrated by the examples in Figure 1D . Table 1 summarizes the spotty calcification frequency per patient at all evaluated segments in the Stroke group and Control group. Notably, the total number of spotty calcifications among all evaluated vascular locations in the Stroke group was on average ≈5× as many as the Control group (P<0.001). Significantly larger amount of spotty calcification was observed in the Stroke group at each of the 4 evaluated vascular locations where spotty calcification was found. The global total calcification volume, including both spotty calcification and nonspotty calcification of all evaluated locations, was also larger in the Stroke group, although there were large individual variations within each group (Figure 2A) .
Stroke Group Versus Control Group
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April 2019 Figure 2B summarizes the spatial distribution pattern of SC found in the study population. In the Stroke group, bilateral common carotid bifurcations and siphon were the most commonly affected locations for spotty calcification, followed by the first and fourth segments of vertebral arteries. In the Control group, bilateral siphon presented most of the spotty calcification, followed by the common carotid bifurcation and the vertebral artery segments. No spotty calcification was observed at middle cerebral arteries or basilar artery in either group. The spatial distribution of SC was different in the Stroke group and Control group, with carotid bifurcation showing the highest increase in SC frequency in the Stroke group.
Ipsilateral Side Versus Contralateral Side
Within the Stroke group, both superficial and nonsuperficial spotty calcification could be observed on the ipsilateral side and contralateral side of the stroke in cervicocerebral vasculature, sometimes within the same vascular segment, as shown in an example in Figure 1C . However, significantly larger amount of SC was observed on the ipsilateral side compared with the contralateral side, at an overall ratio of 1.41:1 (P<0.001). Such trend was consistent for both superficial and nonsuperficial spotty calcification, as summarized in Table 2 . The proportion of superficial spotty calcification among all spotty calcification was not statistically different between the ipsilateral side and the contralateral side. 
Relationship Between SC and Ischemic Stroke
Logistic regression analysis determined that spotty calcification count at bilateral carotid bifurcation and carotid siphon were associated with increased risk of stroke (odds ratio of 2.49 and 1.52, respectively), as shown in Table 3 . The total amount of SC, combining counts from all inspected anatomic locations, also demonstrated a positive association with stroke (odds ratio of 1.98). Total calcium volume, however, did not show statistical significance in the analysis. Receiver operating characteristics analysis determined that a total number of 3 spotty calcifications was the optimal cutoff threshold for diagnosing stroke, corresponding to sensitivity and specificity at 0.84 and 0.83, respectively. The optimal cutoff threshold with total calcium volume to determine stroke was 47.8 μL, corresponding to sensitivity of 0.82 and specificity of 0.66. As shown in Figure 3 , the overall diagnostic value of spotty calcification was superior to that of total calcium amount, with the former showing an area under the curve of 0.88 (95% CI, 0.80-0.95) versus and area under the curve of 0.77 (95% CI, 0.68-0.87) for the latter.
Discussion
The main finding of this study was that SC, a specific type of small arterial calcification visible on cervicocerebral CTA, was frequently observed in patients who suffered from first-time nonlacunar stroke. Significantly greater prevalence of SC was observed in the patients with stroke compared with the control population who had subclinical atherosclerosis. The total amount of SC was highly predictive of stroke.
The superior diagnostic characteristics of SC for stroke than that of total calcium volume observed in this study indicated the additional clinical value of the differential analysis of vascular calcium, beyond a more general wholesale measure of total CVC. Previous studies investigating the clinical significance of CVC mainly focused on the incidence and total amount of calcium without drawing clear distinctions between different types of arterial calcium. Chen et al 24 were the first to report in a cross-sectional study that the incidence of intracranial arterial calcification is higher in patients with ischemic stroke in an Asian cohort and its presence is an independent risk factor. Similarly, Bugnicourt et al 7 reported that Figure 2 . Comparisons between the stroke group and control group. A, Comparison of total spotty calcium and total calcium volume between the Stroke group and Control group. The Stroke group showed 5× as many spotty calcium compared with the Control group, whereas the difference in total calcium volume was not statistically significant. B, Comparison of spotty calcification (SC) spatial distribution patterns between the Stroke group and Control group. Each number in the bar segments represent the SC count at each corresponding vessel segment, whereas the length of each bar segment represents its relative proportion to the total SC count. Although larger amount of SC was observed at every arterial segment, carotid bifurcation appeared a particularly susceptible location for SC formation in the Stroke group. 
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intracranial calcium signifies the risk of future major clinical events including both ischemic stroke and death. More evidence is accumulating to suggest that the amount of arterial calcium on cervicocerebral CTA can be utilized as a general indicator of the extent of atherosclerosis of head and neck vessels, and a potentially important risk factor for ischemic stroke. However, the exact hemodynamic effects of CVC remain unclear. For example, despite the suggestion of a direct link between intracranial calcium and high-grade diseases by Kassab et al, 25 only a weak correlation between measures of calcium burden and the degree of luminal stenosis was found in the later study by Baradaran et al. 26 No significant correlation was found between intracranial vascular calcium and abnormal cerebral blood flow in the study by Sohn et al. 27 Its clinical significance is not well defined either. No consensus is reached regarding whether its presence or extent provide any meaningful diagnostic or prognostic information beyond the indication of long-standing atherosclerosis. For example, Babiarz et al 5 reported no difference in the extent of cavernous carotid artery calcification in patients with and without infarctions in the middle cerebral artery distribution. The mixed messages about the clinical significance of CVC to ischemic stroke may result partly from the well-known heterogeneity of ischemic stroke, which arises from various pathologies such as cardioembolism, atherosclerosis of the large arteries, and occlusion of the small vessels. 28 Another important reason could be that the simplistic measure of calcium amount all grouped in one would mix different forms of calcification with the degrees of calcification, therefore, misrepresenting the clinical behavior of CVC.
Further investigation is needed to clarify the pathological nature of small SC observed on CT to better delineate its clinical significance. Extrapolating from the existing evidence on coronary arteries, we hypothesize that SC is likely to be calcified nodules in lipid-rich plaques that have extensive positive remodeling. 11 Thick, large pieces of calcium are more likely to be fibrocalcific plaques with thick fibrous cap overlying extensive calcium in the intima. 29 Though irrelevant for the current single-center study, it is important to note that the appearance of calcium as well as its quantifications are impacted by scanner type and protocols. 30 In this study, patients with nonlacunar ischemic stroke manifested a distinct spatial pattern of SC compared with the control population. SC was frequently seen at bilateral extracranial carotid bifurcations, particularly in the Stroke group, accounting for 45% of all detected. That was a considerable increase of 20% in proportion and a remarkable 8× increase in absolute number compared with the Control group. Such observation draws an interesting parallel with the Rotterdam study, the largest cohort study with data on cerebral calcium, which showed a stronger correlation between extracranial carotid calcification and brain infarct than intracranial calcium. 3 Carotid siphon is also a frequently calcified vascular area which was shown to correlate with lacunar infarction in the study by Hong et al. 8 In line with their findings, we observed markedly more SC at carotid siphon in the Stroke group than in the Control group. There was a similar trend in both groups that about half of the observed SC was located at carotid siphon, even though the absolute amount in the Stroke group was higher. By contrast, only about 10% of the SC we observed was from vertebral arteries in the Stroke group, whereas in the Control group, the proportion was over 20%. Overall, these observations suggested that not only was SC significantly more prevalent in symptomatic patients, but such early calcification activities may occur at preferential vascular locations in the atherosclerosis process that eventually leads stroke. Further study on SC distribution in different ischemic subtypes is warranted as distinct causes may exist. 31 We also observed the imbalance in the distribution of SC between the ipsilateral side and contralateral side relative to the ischemic stroke region, with the ipsilateral side presenting significantly more SC. Such finding is in accordance with the study by Kamel et al, 32 in which they reported greater calcium in the internal carotid artery ipsilateral to the compared with the contralateral side in patients with cryptogenic stroke. By contrast, Babiarz et al 5 reported no difference in CT score or thickness when comparing the infarction side versus contralateral side. The discrepancy is possibly a result of mixing the different forms of calcifications, compared with the specific type of SC evaluated in our study. Our observation suggested inhomogeneous development and progression of atherosclerosis even in the same type of vascular beds depending on the spatial location, possibly because of different anatomic or hemodynamic predispositions, thus highlighting the importance of the disease information specific to the local lesion. 
Limitations
The current results are limited by the nature of cross-sectional study, which can only probe the association between SC and clinical manifestation at a particular time point, without any suggestion of causality. However, current results warrant a further prospective study to elucidate the prognostic value of SC. Although statistical significance was reached in the main comparisons in the study, the number of patients and control subjects in the current study remains relatively low. Thus, a clinical study in a larger population is required to test the generalizability of the quantitative results including the relative risks and thresholds.
Conclusions
Compared with subclinical atherosclerosis, nonlacunar ischemia stroke is associated with high incidence of spotty calcification and a distinct spatial pattern on cervicocerebral CTA. The specific analysis of spotty calcification may provide a potential means for improving noninvasive risk stratification for ischemic stroke.
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